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Abstract 
Tube hydroforming is useful for the integrated forming of hollow parts, the expansion degree of which is approximately 1.1 
times and 1.4 times the cross-sectional length of the blank tube at maximum. We studied large-expansion technology of 
hydroforming in order to target a broad range of applications of hydroforming and found that by coupling the technologies of 
“multi-process unidirectional expansion” and “intersectional movable die technology”, it is possible to expand the 
circumference of a blank tube by a factor of three without intermediate heat treatment. Additionally, we integrated the axel 
housings, of which only the middle part is expanded, achieving about 10% weight reduction. 
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1. Introduction 
Tube hydroforming is a process by which a tube is fitted to a die, the die is clamped, and the inside of the tube 
is filled with water. Internal pressure is then applied, forcing the tube to expand until it conforms to the shape of 
the die cavity. A feature of hydroforming is that during expansion, because the tube ends are pressed in by tube end 
punches in the direction of the tube axis (referred to hereafter as axial feeding) as internal pressure is applied, it is 
possible to suppress thinning of the expanding areas of the tube  (Kuriyama, 2004). 
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The index of expansion ratio Ș is defined as the ratio of the “perimeter of the cross section of the tube after 
expansion” over the “perimeter of the cross section of the blank tube”. Hydroforming provides significant 
advantages in part integration and weight reduction.㻌However, the expansion ratios of conventional hydroforming 
are generally limited to the range 1.0 - 1.1, with a maximum of approximately 1.4 (Nasu, 2000) as shown in Fig. 1. 
Therefore, hydroforming has limited applicability to certain types of parts, such as chassis members and exhaust 
manifolds. This limitation must be overcome in order to exploit over a broad range the part integration and weight 
reduction merits of hydroforming by the development of new technology that enables large expansion. 
 
Current mass production range  
Fig. 1. Expansion ratios of hydroforming and applied products. 
 
Large expansion has been achieved using hydroforming by combining intermediate heat treatment and diameter 
reduction at the tube ends (Ueda et al., 1980). However, it is desirable that hydroforming is processed only using a 
cold process without intermediate heat treatment from the mass production. We therefore developed a large-
expansion hydroforming technology capable of an expansion ratio of 3.0 utilizing only a cold process and no 
intermediate heat treatment. 
Axle housings are essential to the safety of automobiles, which are hollow suspension components that house 
such parts as the differential gear, drive shaft, and differential oil. Current banjo-type axle housings (Fig. 2) consist 
of several welded pressed parts, thereby reducing the number of welded parts that carry the promise of improving 
fatigue properties and reducing weight. However, integrated forming of axle housings requires a large expansion at 
an expansion ratio of approximately 3. Therefore, we attempted integrated forming of banjo-type axle housings 
and weight reduction using the innovative large-expansion hydroforming technology.  
The new hydroforming technology enabled integration that was difficult to form by conventional hydroforming, 
and thus a new axle-housing shape with a 3-dimensional curved surface was adopted, which has superior fatigue 
and sound vibration properties (Fig. 3). 
In this paper we present an overview of the large-expansion hydroforming technology we developed and report 
on the forming results of the integrated axle housing produced as a trial using this technology. 
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Fig. 2. Schematic of banjo-type axle housing.                                      Fig. 3. Integrated axle-housing with a 3D curved shape. 
 
Nomenclature 
Ș expansion ratio 
G value of axial feed 
p internal pressure 
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2. Development of large-expansion hydroforming technology 
2.1. Multi-process unidirectional expansion 
In order to achieve large expansion by hydroforming, it is important to take advantage of pure shear 
deformation, which is capable of expansion without a reduction of wall thickness. An adequate axial feeds permit 
expansion under pure shear deformation, but cannot always be given depending on product shapes. For instance, 
free bulge forming is conducted exclusively under the plane strain condition (Mori et al., 1988), and it is difficult 
to achieve large expansion. Nevertheless, if the expanding direction is limited, the constraint areas according to the 
dies increase and buckling is suppressed. Therefore, increasing axial feeds becomes allowable, and forming will be 
permitted under the neighborhood of the pure shear strain (Mizumura et al., 2008), which is expected to achieve a 
high expansion ratio. Hence, in this study, an innovative forming method to achieve a high expansion ratio was 
developed by the expansion being limited to a single direction, and by repeating this in multiple processes. 
The actual forming as shown in Fig. 4 for the verification purpose of this method was performed by using tubes 
with STKM11A of ĳ 38.1 × t 2.0 mm. Consequently, an expansion ratio of Ș=2.7 with the first process “HF1” 
unidirectionally expanding without using any counter punches and mobile dies, and Ș=2.9 with the second process 
“HF2” expanding in a different direction from that by 90 degrees, were attained. 
 
HF1 HF2
Ș=2.7 Ș=2.9
Formed specimen Formed specimen
㻌
Fig. 4. Two-process hydroforming combined unidirectional expansions. 
2.2. Intersectional movable die technology 
A schematic of die construction and formability is shown in Fig. 5. When the middle portion of a long tube is 
expanded by hydroforming, it is difficult to obtain a high expansion ratio. In this case, even if the axial feeds are 
added from the tube ends, the material is unlikely to flow into the expanding part due to frictional resistance 
between the material and the dies. Therefore, axial feeds are insufficient and large deformation is difficult (Fig. 
5(1)). 
As a solution, there is movable die technology (Sato et al., 2006), which uses movable dies separating the part 
of the dies in contact with the material, and these movable dies are driven simultaneously with axial feeds. This 
allows axial feeds to be provided to the middle of a long tube without frictional resistance, whereby it is expected 
that a high expansion ratio with pure shear deformation will be achieved. However, the application is limited to the 
case where an expanding part is short in the axial direction, such as in forming of branches. 
On the other hand, in the case where an expanding part is long in the axial direction, buckling or fracture 
appears, as the expanding portion without constraint by the dies is broad (Fig. 5(2)). As a solution against this, 
there is a method to prevent buckling with counter punches in order to intensify the constraint by the dies. 
However, the counter punches need to be arranged so as not to interfere with the movable dies. Therefore, a gap 
between the movable dies and the counter punches must be provided, and this is due to generated buckling or 
fracture (Fig. 5(3)). 
Accordingly, a novel intersectional movable die technology using movable dies with slits and intersectional 
counter punches has been developed (Fig. 5(4)). This innovative die structure makes it possible to not only 
constrain the entire expanding part by the counter punches, but also to feed the movable dies without interference 
against the counter punches. 
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Fig. 5. Dies constructions and formability. 
3. Development of integrated axle-housings 
3.1. Hydroforming of integrated axle-housings with 3D curved shapes 
The integrated forming for axle-housings with new shapes based on those studied in the previous paper (Kaneda 
et al., 2012) was attempted. The products were shaped with smooth 3D curved surfaces, which has advantages not 
only in the prevention of stress concentrations but also in the improvement of vibration properties. 
The blank tube consisted of STKM11A, with ĳ60.5 mm as the outer diameter, and with t 2.8 mm as the wall 
thickness—the rigidity of which equals that of proper axle-housings. Expansion ratio Ș was set at 2.8, which was 
designated for formability and forming stability, as a shape with a 3D curved surface is difficult to apply multi-
process unidirectional expansion, compared to rectangular shapes. 
The forming process and die structure are shown in Fig. 6. The forming process that involved three 
hydroforming processes was designed according to multi-process unidirectional expansion. In the first process 
“HF1”, the blank tube was expanded in the vertical direction using movable dies with slits and intersectional 
counter punches based on intersectional movable die technology. In the second process “HF2”, the formed 
specimen was expanded in the horizontal direction using regular movable dies. In the third process “HF3”, the 
formed specimen was shaped in detail using high pressure. 
The movable dies with HF1 and HF2 were fed axially under positional control with axial feeding punches (not 
indicated in the figure), the intersectional counter punches with HF1 were put under constant loading control, and 
the counter punch with HF2 was put under positional control.㻌
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Fig. 6. Application of large-expansion hydroforming technology to manufacturing integrated axle-housings. 
 
On the basis of the above-described forming processes and die structures, the process designs in detail, die 
shapes, die structures, and forming conditions were examined using FEM analysis. As a result, forming conditions 
without wrinkle and burst appeared—the thickness reduction rate of which was 30%. 
The result of the actual forming is shown in Fig. 7. It was confirmed that an integrated axle- housing was 
shaped with a 3D curved surface—the expansion ratio of which is Ș=2.8 and formable. Thereby, innovative large 
expansion as large as approximately 3.0 times the cross-sectional length of a blank tube was verified through 
hydroforming, after undergoing cold-processing without intermediate heat treatment. 
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Fig. 7. Three-process hydroforming of integrated axle-housings with 3D curved shape. 
3.2. Adequate hydroforming conditions of movable dies with slits 
It is important to determine whether the hydroforming conditions are adequate in order to integrate the axle 
housings. In HF1, we used unique die constructions consisting of movable dies with slits and intersectional counter 
punches, which were controlled by three kinds of loading paths for axial feeding, internal pressure, and counter 
punch loads. If the forming conditions strayed off an adequate loading path and it became impossible to control 
those dies and counter punches, forming defects would be expected.  
Hereinafter, adequate loading paths using those die constructions are described for hydroforming an integral-
type axle housing with a three-dimensional curved surface. An adequate loading path between axial feeding G and 
internal pressure p is shown in Fig. 8, and a schematic of movable dies and a formed specimen during forming is 
shown in Fig. 9. Movable dies with slits were fed in synchronization with axial punches. The loads of 
intersectional counter punches were kept constant at 38kN during forming.  
Firstly, the blank tube was not expanded until point “a”, which was only loaded internal pressure. Secondly, the 
tube began to be expanded at point “a”, which was loaded internal pressure and axial feed simultaneously. Thirdly, 
the blank tube was expanded from the end of the tube sequentially between point “a” and “b”. Fourthly, an 
expanded tube began to contact the tip of movable dies at point “b”. And finally, the tube was rapidly expanded 
between point “b” and “d” via “c”, because the tube was fed by movable dies directly. 
Generally, the loading path of hydroforming sets the internal pressure constant after rising initial pressure 
(Fuchizawa et al., 1995), however it is adequate to raise the internal pressure continuously in this case. We 
consider that the adequate loading path is related to the change in the contact area between the counter punches and 
the blank tube. Movable dies with a slit and intersectional counter punches are able to cross mutually, therefore the 
contact area between the counter punches and the blank tube decreases with increase in axial feeding. On the other 
hand, the counter punches added constant load. Therefore, in order to expand the blank tube with moving 
counterpunches backward, it is needed to increase the internal pressure with the increase in axial feeding. 
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Fig. 8. Adequate loading path of first hydroforming process      Fig. 9. Schematics of first hydroforming process along adequate loading paths. 
using movable dies with slit and counter punches. 
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An example of the actual product is shown in Fig. 10. When the tube was hydroformed along with the adequate 
loading paths, a good specimen was obtained as shown in Fig. 10(a). However, it strayed from the adequate 
loading path due to insufficient axial feeding or excess internal pressure, and a fracture occurred at the side of the 
expanded specimen as shown in Fig. 10(b). In contrast, with excess axial feeding or insufficient internal pressure, 
buckling occurred across the entire side of the maximal expansion part as shown in Fig. 10(c). 
 
㻌
(a) Goodness                        (b) Fracture                          (c) Buckling 
Fig. 10. Forming results of first hydroforming process when axial feeding or internal pressure is changed. 
 
The influence of the counter load on the above-mentioned adequate loading paths was investigated. When the 
counter loads were too small at 32kN in comparison to the 38kN of adequate loads, buckling occurred at the center 
of the maximum expansion part as shown in Fig. 11(a). 
Generally, the tube is expanded from the ends, because axial stresses near those are higher than near the center 
in hydroforming with axial feedings (Sato et al., 2006). In contrast, the intersectional movable dies structure 
suppressed the expansion from the ends preferentially. However, when the counter loads were too small, the 
expansion from the ends was not suppressed sufficiently, and buckling at the center occurred. In contrast, when the 
counter loads exceeded 44kN, the material was dented by counter punches as shown in Fig. 11(b). 
The above results indicate the importance of the suppression of the expansion from the ends of the tube by 
intersectional counter punches with adequate loads. 
 
 
(a) Extremely small counter load      (b) Extremely large counter load  
Fig. 11. Forming results of first hydroforming process when counter load is changed. 
4. Conclusions 
Large-expansion hydroforming technology that can cooperate with “multi-process unidirectional expansion” 
and “intersectional movable die technology” has been developed, in order to achieve integrated-type axle-housings. 
Moreover, large expansion nearly as large as 3.0 times the cross-sectional length of a blank tube was realized 
through cold-processing without applying intermediate heat treatment, through large-expansion hydroforming 
technology. 
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